INTRODUCTION
============

Spinal cord injury (SCI) results in physical discontinuance of ascending and descending neural pathways at damaged regions, which is deteriorated more by secondary damages such as demyelination, inf lammation, and gliosis \[[@b14-jkns-2017-0252]\]. Transplantation of exogenous stem cells are considered to be alternative therapeutics since they have regenerative potential that can repopulate damaged neural cells \[[@b11-jkns-2017-0252]\]. Two major types of stem cells such as mesenchymal stem cells and neural stem cells have been widely used to prove preclinical efficacy of stem cells for neurological diseases \[[@b9-jkns-2017-0252]\].

To confirm the preclinical efficacy of stem cells, stem cells should be injected into animal models through a verified injection route which can represent the clinical injection route. In many literatures, to evaluate preclinical efficacy of injection, stem cells have been usually injected into the damaged spinal cord regions directly \[[@b1-jkns-2017-0252]\]. However, in clinical trials of amyotrophic lateral sclerosis, intrathecal injection of stem cells have been also conducted expecting stem cells to migrate into disease sites via cerebrospinal fluid (CSF) \[[@b6-jkns-2017-0252]\]. However, intrathecal injection route would be difficult to be translated in small animals such as mice and rats. To overcome this discordance, it is necessary to find reasonable alternative injection routes which can be translated to clinical injection routes and can verify treatment efficacy of stem cells preclinically.

In this study, to determine ideal clinical injection route for SCI, we established surgical procedures for lateral ventricle (LV) and cisterna magna (CM) injection of stem cells in rats. After injection of a fluorescent dye, Cy5.5 via the LV or CM route, we compared its migration and distribution in the spinal cord at various time points.

MATERIALS AND METHODS
=====================

Animal care
-----------

This study was reviewed and approved by the Institutional Animal Care and Use Committee of Samsung Biomedical Research Institute (20140916001). Animal experiments were conducted in accordance with the protocols that were approved by the Institutional Review Board (IRB) of the Samsung Medical Center (Seoul, Korea) (IRB No. 201403014006).

Surgical procedure for LV injection
-----------------------------------

Sprague-Dawley (SD) rats (9-week-old, 250--300 g, female) (Orient Bio., Gapyeong, Korea) were anesthetized by isof lurane (Ifran™, Hana Pharma, Hwasung, Korea). The rats were fixed in a stereotaxic device (Model 900 small animal stereotaxic instrument, KOPF stereotaxic, Tujunga, CA, USA). The skin on skull was cut about 2 cm and the external membrane was removed to expose the bregma. We marked injection site (medial/lateral 1.2 mm, anterior/posterior -0.3 mm, dorsal/ventral 4 mm from the bregma) with a Hamilton syringe (22 G, 1702 RN SYR, Small Removable NDL; Hamilton Company, Reno, NV, USA) connected to a stereotaxic device and made a 0.5 mm diameter hole using a drill (8050-N/18 micro 8V max, Dremel, Racine, WI, USA). 20 nM Cy5.5 (Amersham CyDye™ mono-reactive NHS Ester, GE Healthcare, Piscataway, NJ, USA) in 20 μL saline was injected using a syringe pump (LEGATO™111, KD scientific, Holliston, MA, USA). After injection, we waited for five minutes to prevent leaking. The injection needle was raised up carefully by the speed of 1 mm per minute.

Surgical procedure for CM injection
-----------------------------------

SD rats (Orient Bio.) were anesthetized and processed in a stereotaxic device by the same procedure as done in the LV injection. The hair at the skin between the occipital bone and the atlas was removed by an electric shaver. After disinfection with povidone (Green Pharmaceutical Co. Ltd, Jincheon, Korea) and 70% ethanol, the fronto-cervical area was cut to expose the skull including the upper cervical laminae. The muscles of behind neck were cut to separate from the occipital bone using a surgical blade to expose the CM region. The needle tip of a Hamilton syringe (22G, 1702 RN SYR, Small Removable NDL; Hamilton Company) was inserted diagonally into the 2/3 part of the atlanto-occipital membrane. 20 nM Cy5.5 in 20 μL saline was injected at an infusion rate of 2 μL/min using the same procedure as done in the LV injection. After injection, we waited for 5 minutes to prevent leakage of Cy5.5 from the injection hole. After removal of the needle, the injection site was blocked using a bleed blocker (SPONGOSTAN™ Standard, Ferrosan medical devices, Soborg, Denmark) until leakage was not observed.

*In vivo* near-infrared fluorescence (NIRF) imaging of Cy5.5
------------------------------------------------------------

Optical NIRF imaging was conducted at 12, 24, 48, and 72 hours after injection of Cy5.5 using a Xenogen IVIS Spectrum system (Caliper Life Science, Hopkinton, MA, USA) according to the previous reports \[[@b7-jkns-2017-0252],[@b17-jkns-2017-0252]\]. Identical illumination settings (lamp voltage, filters, f/stop, field of views, and binning) were used for all images. Fluorescence (emission : 720 nm, excitation : 605 nm) was measured as photons per second per centimeter squared per steradian (p/s/cm^2^/sr). Quantitative data in each region of interest were acquired and analyzed using Living Image 2.5 software (Caliper Life Science). The head, cervical, thoracic, and lumbar region were defined by from eye to first cervical vertebrae (C1), from C1 to first thoracic vertebrae (T1), from T1 to first lumbar vertebrae (L1), and from L1 to first sacral vertebrae (S1), respectively. Representative image of each region was depicted in [Fig. 1C](#f1-jkns-2017-0252){ref-type="fig"}. The total flux was measured at each region and the sum of total flux was defined by the sum of total fluxes at all regions.

Statistics
----------

Data were represented by mean and standard error. Data were analyzed using Student's t-test, two-tailed. *p*-values \<0.05 were considered statistically significant. Mathematical equations defining the relationships of slopes were derived from bar graph trend lines.

RESULTS
=======

Establishment of surgical procedures for LV and CM injection
------------------------------------------------------------

Optimal surgical procedures for LV and CM injection were developed, which were described in detail in the Materials and Methods section and shown in [Fig. 1A](#f1-jkns-2017-0252){ref-type="fig"} and [B](#f1-jkns-2017-0252){ref-type="fig"}. For reproducible LV injection, how to find the specific location for a hole on the skull according to the bregma and how to locate three-dimensional location of the LV in the brain should be considered. On the contrary, for CM injection, invasiveness and time of surgical procedures need to be minimized and final depth of the needle tip into the CM should be optimized.

*In vivo* optical imaging of Cy5.5 after LV or CM injection
-----------------------------------------------------------

To determine the distribution of Cy5.5, we detected the *in vivo* signal of Cy5.5 at 12, 24, 48, and 72 hours after injection in the head, cervical, thoracic, and lumbar region ([Fig. 1C](#f1-jkns-2017-0252){ref-type="fig"}). In the LV injection, we could observe strong distribution of Cy5.5 signal in the thoracic and lumbar region 12 hours after injection ([Fig. 2A](#f2-jkns-2017-0252){ref-type="fig"}). The signal intensity of Cy5.5 in the regions maintained until 72 hours after injection. In contrast, most Cy5.5 signal remained at the head and cervical region 12 hours after CM injection ([Fig. 2B](#f2-jkns-2017-0252){ref-type="fig"}). Even at 72 hours after injection, Cy5.5 signal was concentrated near the injection site, which suggested poor delivery of Cy5.5 to the lower spinal cord ([Fig. 2B](#f2-jkns-2017-0252){ref-type="fig"}).

Quantitation of *in vivo* Cy5.5 signal
--------------------------------------

The signal intensity of Cy5.5 was quantitated and compared. In the LV injection, total flux of Cy5.5 signal decreased in a time-dependent manner and there were significant decreases at 48 hours and 72 hours after injection ([Fig. 3A](#f3-jkns-2017-0252){ref-type="fig"}). When regional Cy5.5 signal was analyzed, there was no significant change in Cy5.5 signal in the cervical region ([Fig. 3B](#f3-jkns-2017-0252){ref-type="fig"}). The Cy5.5 signal in the head, thoracic, and lumbar region was highest at 12 hours after injection, which decreased until 48 hours after injection ([Fig. 3B](#f3-jkns-2017-0252){ref-type="fig"}). In the CM injection, the total flux of Cy5.5 signal also decreased in a time-dependent manner ([Fig. 3C](#f3-jkns-2017-0252){ref-type="fig"}). Although Cy5.5 signal decreased at the head region, significant change in Cy5.5 signal was not observed in the cervical, thoracic, and lumber region all the time point after injection ([Fig. 3D](#f3-jkns-2017-0252){ref-type="fig"}).

Distribution difference of Cy5.5 according to injection routes
--------------------------------------------------------------

We compared Cy5.5 signal in each region according to injection routes. In the head region, Cy5.5 signal of the CM injection was slightly higher than that of the LV injection although it was not statistically significant ([Fig. 4A](#f4-jkns-2017-0252){ref-type="fig"}). In the cervical region, Cy5.5 signal was similar between the LV and CM injection at all-time points ([Fig. 4B](#f4-jkns-2017-0252){ref-type="fig"}). In the thoracic and lumbar region, Cy5.5 signals of the LV injection were significantly higher than those of the CM injection at all-time points ([Fig. 4C](#f4-jkns-2017-0252){ref-type="fig"} and [D](#f4-jkns-2017-0252){ref-type="fig"}). These data suggested that LV injection might be better than CM injection for the distribution of injected materials to the lower spinal cord.

DISCUSSION
==========

CSF is a body fluid produced in the choroid plexuses of the ventricles of the brain. The functions of CSF include mechanical cushion and chemical buffer for the central nervous system (CNS). In addition, CSF has vital functions in the autoregulation of cerebral blood flow \[[@b2-jkns-2017-0252]\]. The flow of CSF provides a delivery route of materials to various regions of CNS including the spinal cord. To determine the flow of CSF, various types of substances have been used *in vivo* \[[@b3-jkns-2017-0252],[@b13-jkns-2017-0252]\]. In this study, we optimized surgical procedures for CM and LV injection of Cy5.5 into CSF of rats and evaluated spatiotemporal distribution of Cy5.5 within CSF of rats.

The CM includes three principal openings between the ventricular system in the brain and in the subarachnoid space outside of the brain. CSF produced in the ventricle flows into the CM via the lateral and median apertures and then diffuse into the subarachnoid space of the brain and spinal cord. Since the CM is located underneath the cerebellum and behind of the dorsal surface of the medulla oblongata, it can be accessed from the outside relatively easily in humans. Therefore, the CM has been considered as an optimal route to collect CSF \[[@b5-jkns-2017-0252],[@b12-jkns-2017-0252]\] or inject materials into CSF. Previously, various types of animals including rat, rabbit, dog, and monkey have been tested for CM injection \[[@b8-jkns-2017-0252],[@b10-jkns-2017-0252],[@b15-jkns-2017-0252],[@b16-jkns-2017-0252]\].

In medium and large size animals CM injection has some advantages compared to LV injection, which requires less invasive procedures and simpler surgical instruments \[[@b4-jkns-2017-0252]\]. However, it is difficult to optimize CM injection in small animal species such as mouse and rat. Moreover, detailed surgical procedures for CM injection in small animals were not described fully in many previous studies using CM injection \[[@b13-jkns-2017-0252]\]. To increase accuracy and reproducibility of CM injection in small animals, injecting instruments which can deliver various materials into the CM have been developed \[[@b4-jkns-2017-0252]\]. To assure accuracy and reproducibility, rats were fixed in a stereotaxic device and CM was exposed and visualized by surgery in this study. However, the distribution of Cy5.5 was limited to the head and cervical region until 72 hours after injection. Although we utilized surgical techniques to prevent leakage of Cy5.5, it cannot be excluded that Cy5.5 was leaked due to the positive pressure of the subarachnoid space and surgical dead spaces.

The LVs are the two big cavities of the ventricular system in the brain, which are filled with CSF. The ventricular system consists of the lateral ventricles, third ventricle, and fourth ventricle. There are several foramina acting as channels that connect the ventricles. This connection makes CSF flow from the lateral ventricles to the central canal and subarachnoid space of the spinal cord. Based on the circulation of CSF, LV injection has been widely applied for the delivery of materials into the CNS in various animal species \[[@b2-jkns-2017-0252],[@b3-jkns-2017-0252]\].

In small animals, LV injection has advantages compared to CM injection; LV injection needs simple surgical techniques, has little leakage of CSF, and makes lesser bleeding. Moreover, the simple surgical procedure enables repeated injection via LV route. Our results were also supportive for the previous reports. In addition, we observed that Cy5.5 fluorescent dye located in the thoracic and lumbar spinal cord region within 12 hours when it was injected into the LV. With a stereotaxic device, Cy5.5 could be injected into the LV accurately which resulted in its fast circulation in the CNS. Based on the advantages of the LV injection, LV could be utilized as a reliable route for the delivery of materials to the spinal cord in the small animals including rats. However, our results using Cy5.5 may not be translated into stem cells directly because stem cells have different molecular size, solubility in water, and dynamics within CSF compared to Cy5.5.

CONCLUSION
==========

In this study, we injected Cy5.5 fluorescent dye into the LV or CM of rats and compared the *in vivo* distribution of Cy5.5 in the spinal cord regions. Since significantly more Cy5.5 *in vivo* signal was detected in the LV injection than the CM injection, we concluded that the LV injection might be more suitable than the CM injection to determine preclinical treatment efficacy or biosafety of stem cells for spinal cord diseases in small animal models.
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![Surgical procedures for LV and CM injection. Surgical procedures for LV and CM injection were shown in (A) and (B), respectively. A : For LV injection, after anesthesia, rats were fixed with a stereotaxic device and cut to expose the bregma. After making a hole with a drill, a needle was injected into the LV. B : For CM injection, after anesthesia, rats were fixed with a stereotaxic device. After surgery to expose CM, Cy5.5 was injected into CM. C : Each region of interest to measure Cy5.5 was demonstrated. H : head, C : cervical, T : thoracic, L : lumbar, LV : lateral ventricle, CM : cisterna magna.](jkns-2017-0252f1){#f1-jkns-2017-0252}

![Optical imaging of Cy5.5 after LV and CM injection. The total flux of Cy5.5 signal at each region of interest was evaluated at 12, 24, 48, and 72 hours after injection of Cy5.5 via LV and CM route. A : In the LV injection the signal of Cy5.5 was observed in the thoracic and lumbar region within 12 hours. B : In the CM injection, most Cy5.5 signal remained in the head region until 72 hours. LV : lateral ventricle, CM : cisterna magna.](jkns-2017-0252f2){#f2-jkns-2017-0252}

![Quantitation of the *in vivo* signal intensity of Cy5.5 after LV and CM injection. The total flux of Cy5.5 signal was quantitated at each region of interest. A : After LV injection, the sum of total fluxes was shown at each time point. B : The total flux of Cy5.5 at each region of interest was shown at various time points. C : After CM injection, the sum of total fluxes was shown at each time point. D : The total flux of Cy5.5 at each region of interest was shown at various time points. ^\*^*p*\<0.05. LV : lateral ventricle, CM : cisterna magna.](jkns-2017-0252f3){#f3-jkns-2017-0252}

![Comparison of the *in vivo* signal intensity of Cy5.5 according to the injection route at each region of interest. The regional total flux of Cy5.5 at each time point was compared between LV and CM injection route. A : In head region, CM injection showed slightly higher signal intensity than that of the LV injection but not statistically significant. B : In cervical region, both injection methods showed similar signal intensity. C and D : In thoracic and lumbar region, LV injection showed significantly higher signal intensity than CM injection. ^\*^*p*\<0.05. LV : lateral ventricle, CM : cisterna magna.](jkns-2017-0252f4){#f4-jkns-2017-0252}
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